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Abstract 

Complementing the preceding study of charged scalar leptons, the sector of the 
neutral scalar leptons, sneutrinos, is investigated in a high-precision analysis for future 
e~^e~ linear colliders. The theoretical predictions for the cross-sections are calculated 
at the thresholds for non-zero widths and in the continuum including higher-order 
corrections at the one-loop level. Methods for measuring the sneutrino masses and 
the electron-sneutrino-gaugino Yukawa couplings are presented, addressing theoretical 
problems specific for the sneutrino channels. 



1 Introduction 



The precision analysis of charged scalar leptons (sleptons) at future high-energy e^e~ and 
e~e~ colliders has been studied for the first two generations in a preceding report PP, estab- 
lishing precise theoretical calculations which include non-zero width and rescattering effects 
at the thresholds and the complete set of one-loop corrections in the continuum. The corre- 
sponding process of stau production, including mixing effects, has been discussed in Ref. |j2]. 

In this addendum the work will be extended to the neutral slepton sector, i.e. the 
production of sneutrinos in e^e~ annihilation, 

e^e^ uiUi for / = e, /i,r. (1) 

Note that the vi are assumed to be the partners of the left-handed sneutrinos, since if 
the right-handed neutrino masses are close to the GUT scale, the R-sneutrino masses are 
expected to be so heavy j2] that mixing with the L-sneutrinos is irrelevant. 

We will elaborate in particular the onset of the electron-sneutrino {Vf.) cross-section near 
threshold, which allows a determination of the Ve mass. The accuracy of the mass mea- 
surement through threshold scans is superior to other methods using decay spectra of the 
sneutrinos produced in the continuum Belonging to the same iso-doublet, the masses 
of the sneutrinos and the L-sleptons are related by a sum rule involving the D term of the 
supersymmetry (SUSY) Lagrangian. This symmetry relation can be tested stringently. 

While sneutrino production of the second and third generation in e^e~ collisions is me- 
diated by s-channel Z-boson exchange, Ve pair production in addition involves t-channel 
chargino exchange, thereby being sensitive to the electron-sneutrino-chargino e^VeX^ Yukawa 
couplings. From the measurement of production one can therefore scrutinize the identity 
of the gauge and Yukawa couplings of the electroweak SU(2) sector. 

To provide precise theoretical descriptions for sneutrino production, we have calculated 
the production cross-sections near threshold including non-zero width and off-shell effects, 
while in the continuum the complete one-loop corrections for on-shell sneutrino production 
are presented. The phenomenological analyses are based on the Minimal Supersymmetric 
Standard Model (MSSM), adopting as an example the Snowmass Point SPSla |5j. Effects of 
initial-state beamstrahlung as well as decays of the sneutrinos are taken into account. The 
final results demonstrate that measurements of the Ve sneutrino masses and of the eVeW 
couplings are possible at the per-cent level, supplementing the similarly precise picture of 
the charged slepton sector jTl. 

In Section 121 the general features of sneutrino production are summarized at leading or- 
der. Section |21 presents sneutrino pair production at threshold and analyses the expected 
accuracies in threshold scans. In Section |3] the pair production of sneutrinos in the contin- 
uum is analyzed at the one-loop level, and applied for the determination of SUSY Yukawa 
couplings. Conclusions are summarized in Sectional 
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Figure 1: Generic leading-order diagrams for the pair production of sneutrinos in e^e 
annihilation. 



2 Basics of Sneutrino Production and Decay 

For definiteness, the analysis is restricted to tlie Minimal Supersymmetric Standard Model 
(MSSM), including sneutrinos with chiral quantum number L, while R-sneutrinos are as- 
sumed absent as argued before. We adopt the conventions and notations introduced in 
Ref. p. 



2.1 Production Mechanisms 

Muon- and tau-sneutrinos are generated in diagonal pairs via s-channel Z-boson ex- 
change in e^e~ collisions, see Fig. ^(a). Electron-sneutrino pair production proceeds in 
addition through chargino xf [j = 1 • • • 2] exchanges in the t-channel, cf. Fig. ^ (a,b). Since 
only sneutrinos in with chiral index L are produced, the conservation of chiral quantum 
number in the interactions demands sneutrinos to be produced in P-wave states, for both s- 
and t-channel mechanisms near threshold. This leads to the characteristic (5^ onset of the 
excitation curves near threshold, with (3 denoting the velocity of the final-state sneutrinos. 
The Born cross-sections for sneutrino production by polarized beams read 
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A,=2{ml-ml^)/s-l and (3=Jl-4ml/s, (7) 



and Vij is the mixing matrix for positively charged charginos (see Ref. The electromag- 
netic coupling a should be taken at the scale = s. 

In the t-channel chargino exchange amplitudes, the contribution of the higgsino compo- 
nent of the chargino states can be neglected owing to the small electron-sneutrino-higgsino 
coupling proportional to the electron mass. The exchange of relatively light charginos with 
dominant gaugino component leads in general to electron-sneutrino production cross-sections 
that are more than an order of magnitude larger than for the other two flavors. Such a sce- 
nario is realized in the reference point SPSla jS], as shown in Fig. El 

The angular distributions for the sneutrino production processes with polarized beams 
read 
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with 6' being the angle between the incoming and the outgoing u particles. For muon- and 
tau-sneutrino production, the angular sparticle distributions follow the sin^ 9 rule typical for 
P-wave production. While near the threshold the angular distribution of electron-sneutrino 
production is also oc sin^^, the t-channel chargino exchange amplitude peaks in the forward 
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Figure 2: Born cross-sections for sneutrino pair production in unpolarized e^e^ annihila- 
tion. The cross-section for Vj. production is very similar to the z/^ production cross-section. 
The mass values in the SPSla scenario are collected in Tab. 01 
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as expected from helicity analysis and t-channel exchange. 



2.2 Decay Mechanisms 

The sneutrinos are typically expected to decay into light neutralino or chargino states with 
large gaugino components. The leading-order decay widths for these two-particle decays are 
given by 



[i = L/R, j = 1...4], 
[A; = 1,2], 



(12) 
(13) 



where Xj and Vki account for the neutralino and chargino mixings pp. 
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Sparticle 


Mass m [GeV] 
Width r [GeV] 


Decay modes 




m = 142.72 

r = 0.21 


I^,^l-X'i 100% 


k = eL//iL 


m = 202.32 
r = 0.25 


k^l-x'i 48% 
^ I Xl 19% 
^i^iXi 33% 


ui = Del 


m = 185.99 

r = 0.16 


Di ^ i^i X? 87% 
- X'2 4% 

^/-x^ 10% 




m = 185.05 
r = 0.15 


^ z/, X? 89% 
^ l^r Xt 3% 

^r-x^ 8% 


X? 


m = 96.18 






m = 176.62 

r = 0.020 


Xl ^ et 6% 
Jx^fi^ 6% 
^ 88% 


xf 


m = 176.06 
r = 0.014 


X+ ^ f + 100% 



Table 1: Masses, widths and main branching ratios of sleptons and of the hght neutraUno 
and chargino states at Born level for the reference point SPSla [31 

Masses, widths and branching ratios for the reference point SPSla [H] are collected in 
Tab. HJ In the SPSla scenario the decays into the lightest chargino and the second lightest 
neutralino, both of which are predominantly wino, are suppressed due to the small mass 
differences. As a consequence, the dominant channel is the decay into the bino-like lightest 
neutralino, leading to a completely invisible final state. 

To obtain visible sneutrino-pair signals, we will therefore focus on the channel with one 
sneutrino decaying invisibly directly to the lightest neutralino, while the other sneutrino 
decays into a chargino and a charged lepton. Due to the relatively large value of tan /3 = 10 
in SPSla and the large stau mixing, charginos decay almost completely into a r final state. 
As a result, the physical signal for sneutrino production in this channel consists of a charged 
lepton with the sneutrino flavor / = e, /i, r, one (additional) r with opposite charge, and 
missing energy, e+e~ — > I'^r'^ + ^. For i>e and z/^ production this leads to a clear detector 
signature with an overall branching ratio of 17%. However, the analysis for Uj. production is 
experimentally very demanding, since only a pair of tau leptons is generated in the final state, 
with large backgrounds from two-photon interactions and other super symmetric processes 
such as direct stau pair production. 
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3 Threshold Production and Mass Measurements 



As a consequence of chiral quantum number and angular momentum conservation, all sneu- 
trino pairs are produced in e^e~ annihilation near threshold in P-waves for both the s- 
channel and t-channel exchange mechanisms. This leads to the characteristic (3^ behavior 
of the excitation curve as a function of the velocity (3 of the produced particles. Since the 
produced sparticles are neutral, no Coulomb rescattering effects enhance the cross-sections 
at the thresholds. 

When studying non-zero width effects, the off-shell production of the sneutrinos requires 
the analysis of the complete resonance decays and the corresponding continuum backgrounds 
with the same final states, i.e. the process 

e+e- ^l^'ulxln. (14) 

including all Feynman diagrams leading to this final state. 

The theoretical and phenomenological analysis of the threshold cross-sections for sneu- 
trino production makes use of the methods set up in Ref. [H El CI for charged sleptons. As 
pointed out already in Ref. P, due to the small production cross-section for muon- and 
tau-sneutrino production together with the possibly suppressed branching ratio into the fi- 
nal state Z^Wxi ! the expected event rates near threshold are too low to perform a mass 
measurement from a threshold scan. For electron-sneutrino production, on the other hand, 
the signal rates are sufficiently high to allow a statistically significant threshold mass mea- 
surement. Subtracting the background cross-section by extrapolation from energies below 
threshold, the onset of the sneutrino excitation curve is in general sharp enough to determine 
precisely the sneutrino mass independent of the absolute normalization of the signal cross- 
section. This can be realized operationally by performing a multi-parameter fit including 
the overall normalization as a free variable. Within this frame the threshold production will 
be analyzed in the following for electron-sneutrinos. 

The leading contribution to the e^'z/eXiX? final states is given by the double resonance 
diagram shown in Fig. El (a). The non-zero sneutrino width is incorporated by shifting 
the mass in the sneutrino propagators into the complex plane, m? — > M? = m? — im^Fj^. 
To keep the amphtude gauge invariant, the double-resonance diagram of Fig. El (a) must be 
supplemented by the single-resonance diagrams of Fig. El (b). In addition to the s-channel 
Z-exchange diagrams shown in the figure, there exist corresponding diagrams with t-channel 
chargino exchange. 

Besides the signal sneutrino channels, the final state in the general process e^e' 
e^T^ + Ip receives backgrounds from a large variety of other processes. Within the SUSY 
sector itself, the main background arises from selectron pair production e^e^ and e^e^, 
followed by the decays — > e^Xi ^-nd Cl — > i^c'Xa ^ ^c^tT^Xi- To a lesser extent, also 
pair production of charginos or neutralinos with subsequent (cascade) decays contributes. 

In addition, pure Standard Model (SM) processes, in particular W-hoson pair produc- 
tion {W^W~) and single W-hoson production [W^e^Ve)^ leading to the final state e^r'^'i/ei/^, 
have to be taken into account. They are generically large and need to be reduced by ap- 
propriate cuts. Since the missing energy signature in the Standard Model background is 



6 



(a) Double resonance diagram (b) Single resonance diagrams 




generated by two neutrinos, which can be considered massless, but the sneutrino signal in- 
volves two additional massive neutralinos, a cut on the missing energy proves to be effective. 
In the SPSla scenario, the sneutrino signal near threshold is concentrated at visible energies 
of Evis < 0.15 X ^/s ~ 60 GeV, whereas the main background leads to much large values of 
the visible energy. Therefore the requirement -Evis ^ 0.15 x ^/s reduces the background by 
about an order of magnitude, while leaving the sneutrino signal intact. In addition a few 
general cuts are applied to parametrize the acceptance regions of the detector and to reduce 
the background from soft events. The explicit values for the cuts are summarized in Tab. |21 
Additional acollinearity cuts 011], would not improve the signal-to-background ratio. 

The signal rates can be further enhanced by using beam polarization. As evident from 
(j2}^, the optimal polarization combination for z/g production is a left-polarized e~ and a 
right-polarized e"*" beam; with realistic polarization degrees of 80% for electrons and 50% for 
positrons [lT|. 

For this setup, we have calculated the threshold cross-section for electron-sneutrino pro- 
duction including the backgrounds from supersymmetric and Standard Model sources. The 
calculation is supplemented by initial-state radiation (ISR) and beamstrahlung effects. The 
resulting excitation curve is depicted in Fig. EJ showing the final prediction for the signal 
with the backgrounds added on. 

We estimate the precision for the sneutrino mass measurement from a threshold scan 
based on data simulated at 5 equidistant points in a center-of-mass energy range of 20 
GeV in the threshold region for Ue pair production, assuming a luminosity of 10 fb^^ per 
scan point. Since the backgrounds are sufficiently flat, they can be approximated by a 
straight line. Therefore the excitation curve can be fitted in a model-independent way by 
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Condition 


Variable 


Accepted range 


fieject leptonb m ioiwciiq/ 
backward region from Bhabha/ 
M0ller scattering 


lepton poiai angie t/i 


1 nr^c A 1 ^ n Q 
1 COS (71 1 ^ u.yo 


Reject soft leptons/jets from 
radiative photon splitting and 7-7 
background 


lepton/ jet energy E\ 


> \jQ V 


Reject missing momentum in for- 
ward/backward region from parti- 
cles lost in the beam pipe 


missing momentum polar 
angle 9^ . 


1 cos% . 1 < 0.90 

1 /-"miss 1 


Angular separation between 
e and r lepton 


angle (per between electron 
and tau jet 


1 - COS0er > 0.015 


Reject events with large visible en- 
ergy, mainly from SM background 


visible energy E^is = + Er 


^vis < 0.15 X 



Table 2: Cuts to reduce the main Standard Model and SUSY backgrounds and to account 
for the detector geometry and resolution. 



using four free parameters: the sneutrino mass and width, a constant scale factor for the 
absolute normalization of the excitation curve and a constant background level. The last 
two parameters render the fit independent on the details of the supersymmetric model, in 
particular the a priori unknown branching fractions of the sneutrinos. For the reconstruction 
of the mass a binned likelihood method is employed, where the likelihood variable is a 
function of the four parameters mentioned above. The fit result for the mass determination 
is finally 

m^^ = 186.01^:^ GeV. (15) 

This demonstrates that the mass measurement at threshold is feasible with a precision of 
better than 1% and in fact surpasses the expected precision from decay energy spectra jlj. 
The result is not affected by the Ue width in the theoretically expected range. For the decay 
width of the sneutrino only a wide upper bound can be set, F^;^ < 0.9 GeV. 

4 Continuum Production and Yukawa Couplings 

The precision analysis of sneutrino production in the continuum is used on the one hand to 
determine the sneutrino and chargino masses from the energy spectra of the decay products, 
a method complementary to the threshold scans jl]. 

In addition, it can be used to test the fundamental structure of the supersymmetric the- 
ory, the identity of the lepton-sneutrino-gaugino {li>iW) Yukawa couplings with the associ- 
ated lepton-neutrino-gauge boson [luiW) couplings of the first generation. The cross-section 
for z/g pair production is sensitive to the Yukawa couplings through the t-channel chargino 
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Figure 4: The excitation curves for z/g pair production over Standard Model and supersyni- 
metric backgrounds for e^e~ annihilation. The signal is enhanced with beam polarization 
as indicated, where (+) corresponds to right-handed and (— ) to left-handed polarization. 

exchange. This section will address the theoretical techniques necessary for controlling the 
higher-order corrections and, subsequently, the phenomenological evaluation of the sneutrino 
cross-section measurement for the purpose of Yukawa coupling extraction. 

4.1 Structure of one- loop corrections 

For the general calculational techniques, the computer algebra tools and the regularization 
and renormalization of the MSSM at the one-loop level, the reader is referred to Ref. jT]. 
Here the framework will be extended to illuminate the specific points in the renormalization 
of sneutrinos. As before, the renormalization of masses and physical fields are performed 
in the on-shell scheme, i.e. the particle masses are identified with the physical propagator 
poles, and the on-shell physical fields are normalized to unity. 

Since L-sneutrinos and charged L-sleptons are grouped together in an SU(2) doublet, the 
renormalization of neutral and charged sleptons must be treated conjointly. In the limit of 
vanishing lepton masses, the charged L- and R-sleptons do not mix, so that the R-slepton 
can be separated from the sneutrino and L-slepton states. 

Since SU(2) invariance allows only for one soft supersymmetry breaking parameter 
for the sneutrino and the charged L-slepton of one generation, the two masses are interde- 
pendent. Based on the tree-level relations between particle masses, soft-breaking terms and 
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— Cr/ /iR 


k = eL//iL 




tree-level 
one-loop 


142.72 GeV 


202.32 GeV 


185.99 GeV 
186.34 GeV 



Table 3: Tree-level and one-loop corrected masses of the Rrst and second generation sleptons 
for the SPSla reference point j^. The charged slepton masses are defined identical at tree and 
loop level in the on-shell scheme adopted here; the sneutrino mass is shifted correspondingly. 



D-terms 

m| = + Mi cos 2/? (-i + s^) + 0{ml), (16) 

K=<, + lMi cos 2/?, (17) 

the L-sneutrino and L-slepton masses within each generation are related at Born level ac- 
cording to 

m?^ - m| = cos 2/3. [Born level] (18) 

This relation is modified by higher-order corrections. Adopting the on-shell renormalization 
scheme for the slepton masses, the mass difference is shifted by a finite, but non-zero amount, 

m? - m| ^ cos 2p + Am? , (19) 

Ami = ^eli:'^ {m} ) - S'^' (ml)} + cos 2(3 6 Ml - Ml sin^ 2(3 ^J^, (20) 
' I 'L i J tanp 

Y}'L,vi unrenormalized self-energies of the L-slepton and the sneutrino, respectively. 

Their UV- divergence is canceled by the counterterms for the W mass and the Higgs mixing 
term cos 2(3. Here the W mass is renormalized on-shell, while DR renormalization is employed 
for the parameter tan (3 PP . 

By fiat, the physical on-shell masses of the charged sleptons are identified with the Born- 
level masses. As a result, the sneutrino masses are shifted by the finite amount Am?^ = 
m? — m?^ gQj,j^ from the corresponding Born value to the physical on-shell value through the 
one-loop corrections in eq. (j20|) . The sneutrino mass shift is exemplified in Tab. |2]for the 
reference point SPSla. 

In the calculation of the loop contributions it is necessary to use tree-level masses through- 
out in order to preserve gauge invariance^. For the phase-space integration, on the other 
hand, the matrix elements need to be expressed in terms of the physical masses for the 
external final-state sneutrinos. Both requirements can be technically realized by a system- 
atic expansion of the complete loop-corrected matrix element. Defining the matrix element 
A4(m?, m?) as a function of the physical masses of the two produced sneutrinos and expand- 
ing it around the Born sneutrino masses yields 

d 



M{ml,ml) = A<(m? B„^^,m? B„^^) + Am? 



dm 



M(ml,ml) 



2 ' V""!/' 



+ 0{Amt). (21) 



^This feature has been checked expUcitly by using a general covariant i?^ gauge and verifying the gauge- 
parameter independence of the total result. 
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Expanding this expression up to next-to-leading order in perturbation theory and observing 
that Am? represents aheady a one-loop contribution then leads to 

M{ml,ml) =A<(0)("^^,Born,"^^,Born) +-^(l)("^S,Born,"^^,Born) 

+ Am? 

where the indices in parentheses indicate the loop order. As evident from (j221); the next- 
to-leading corrections receive two contributions: the one-loop corrections to the sneutrino 
production matrix element, A^(i), with Born masses in all loop expressions, and a contribu- 
tion originating from the one-loop mass shift of the sneutrinos. 

Note that the shift Am?, beyond its role in the present theoretical context, can in principle 
be experimentally accessed directly through precision measurements of the sneutrino and 
selectron masses. With the expected precision of rrij^^ and given the per-mill accuracy of 
m^L , the measured difference of the physical masses m^^^ — rrie^ starts to become sensitive to 
the quantum correction Am?. 

A finite mass shift similar to ()2()j) arises for all scalar partners of the left-handed Standard 
Model fermions, i.e. also for the squark sector. It may be noted that while these sfermion 
mass shifts do affect the one-loop calculation of sfermion production, they need not be taken 
into account for the one-loop corrections to sfermion decays presented in Ref. ^2); since 
the Born matrix elements for sfermion decays do not depend on the mass of the decaying 
sfermion. 

In many facets, the radiative corrections to sneutrino production are characteristic for 
sparticle production processes. In particular, supersymmetric loop contributions can lead 
to corrections that do not decouple for large superpartner masses IHj • While in general 
quantum effects are reduced with increasing mass of the virtual particles, broken symmetries 
giving rise to mass splittings within particle multiplets elude this argument. Accordingly, 
the breaking of supersymmetry can generate corrections that grow logarithmically with the 
mass splitting between SM particles and their SUSY partners. 

In slepton production, non-decoupling SUSY effects can arise in the loop corrections 
to lepton-slepton-gaugino Yukawa vertices, leading to logarithmically enhanced effective 
Yukawa couplings [121 C], while the gauge boson vertices are protected by gauge invari- 
ance. Therefore only the production matrix elements of first-generation sneutrinos, i.e. Vf.vl 
production, involving t-channel chargino exchange, are affected by non-decoupling correc- 
tions from other SUSY particles. Potentially large corrections can arise in particular from 
virtual quark and squark loops for very large squark masses, so that sneutrino cross-sections 
can be sensitive to high squark mass scales 

In addition to the matrix elements of the production cross- sect ions, non- decoupling SUSY 
corrections typically also occur in the loop corrections to the mass matrices of the super- 
partners. These corrections are reflected in shifts to mass relations, such as the sneutrino 
mass shift Am^; in ()20|) . 

Another remarkable property is the appearance of anomalous threshold singularities 
within vertex and box diagrams pQ , which show up as discontinuities in the cross-section as a 



d 



dm'; 



+ higher orders. 



(22) 
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(a) (b) 

Figure 5: Feynman diagrams for real photon emission in sneutrino production, with (a) 
contributing to all sneutrino Savors, while (b) only applies for electron-sneutrino production. 



function of the center-of-mass energy. Anomalous thresholds correspond to configurations in 
a vertex loop correction, for instance, where all particle lines become on-shell simultaneously, 
which is easily kinematically realizable in SUSY theories as a consequence of the diversified 
sparticle spectrum 



4.2 Production Cross-Sections 

The complete virtual 0{a) corrections, as outlined above, are renormalized using the on- 
shell definition for all masses, while the electromagnetic coupling a is evaluated at the scale 
of the center-of-mass energy Q = ^/s, so that the large logarithmic corrections oc log s/m'j 
from light fermion loops in the running of Q;(Q^) are absorbed automatically. 

The resulting UV-finite amplitude still contains infrared divergences from virtual photon 
exchange, which are absorbed by adding the contributions from real photon radiation to the 
cross-section. Since the final-state sneutrinos are neutral, photon radiation can only occur 
in the initial state and from internal charged particle lines, see Fig. |S] 

In the case of z/^ and u^- pair production, the analysis is simple since the virtual and 
real (initial-state) QED corrections form a gauge-invariant subset independent from the 
other virtual corrections. The QED contributions arising from virtual and soft real photon 
radiation are proportional to the Born cross-section. 



d<Tvirt+soft[e"^e i>i z/f] = dcrBorn[e^e z// z/f] x (5tirt+soft 



§1 - « 

"virt+soft ^ 



log^ ^ log— -1 + - log— -2 + - 

s \ mi / 2 mi 6 



e 



[I ^ e]. 



(23) 

The dependence on the cut-off I\E for the soft-photon energy is removed when the radiation 
of hard photons is added to the cross-section. 

The loop calculation to z>e pair production is considerably more complex due to the ad- 
ditional t-channel chargino exchange mechanism. Besides a large set of additional diagrams, 
the diagrams involving gauge bosons, Higgs bosons, gauginos and higgsinos cannot be sepa- 
rated from the QED loops in a gauge- invariant and UV finite way anymore. The photonic 
corrections to the electron-sneutrino-chargino Yukawa vertex becomes UV finite only after 
being supplemented by the corresponding photino loop-diagram. Since the photino is not a 
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mass eigenstate, this amplitude is intrinsically linked to the remaining degrees of freedom 
in the gauge sector. Thus only the total set of gauge boson/Higgs and gaugino/higgsino 
electro weak diagrams is gauge invariant. 

Nevertheless, the size of the genuinely process-specific corrections can be characterized 
by the following definition. Subtracting, from the virtual and soft corrections, the leading 
logarithmic terms oc log(A£')^/s and oc logs /ml, which are generated by infrared/coUinear 
photon emission plus virtual photon corrections, the remaining corrections are gauge invari- 
ant and free of logarithmically enhanced terms. 

The overall next-to-leading order corrections to the total cross-section for sneutrino pair 
production are presented in Fig. IHl The parameters of the Snowmass reference point SPSla 
have been adopted again to illustrate the final results. The corrections are normalized to 
the Born cross-section, defined with the running electromagnetic coupling. 

In addition to the full corrections, the result for z/^ pair production is divided into QED 
corrections and the remaining contributions from massive virtual loops. Also shown sepa- 
rately is the effect of the one-loop shift to the sneutrino mass in eq. fl20|) in addition to the 
radiative corrections to the matrix element A^(i) in fl22|) . The sneutrino mass shift does not 
only modify the next-to-leading order matrix element according to (|22j). but is also crucial 
for defining the proper sneutrino mass in the physical phase-space kinematics. 

For i>e pair production the complete QED subset of the 0{a) corrections cannot be 
extracted in a gauge-invariant and UV finite manner. Nevertheless, one can identify a 
gauge-invariant individual contribution from closed loops of fermions and/or sfermions, as 
shown in Fig. El (b). In addition, the dominant QED corrections can be characterized by 
the hard photon radiation and the leading logarithmic soft and virtual contributions. The 
remaining non-QED logarithmically regularized corrections are also depicted in Fig. |ni(b). 

Both for z/^ and pair production, the contribution of the sneutrino mass shift is rela- 
tively small. The total next-to-leading order corrections, however, are large, between 20 and 
30%. As can be inferred from Fig. [HI (a), these large effects do not only originate from the 
QED corrections, which contain large collinear logarithms cx logs/m^, see eq. (j23j) . In fact, 
the massive non-photonic virtual loops also generate corrections of about 10% or more. 

In the following, the influence of the corrections induced through the supersymmetry 
sector itself shall be studied in some detail. In Figs.[7|(a) and (b), the effect of the parameters 
in the electroweak gaugino sector on the one-loop corrections is exemplified in regard to the 
parameters M2 and fi. The effects are significant both for and i>e pair production, with 
variations in the cross-section of several per-cent, up to about 10%. The abrupt changes 
along the diagonal M2 = /i for z/e pair production in Fig. [7| (b) are a consequence of the level 
crossings between the xf states. 

As outlined above, large mass splittings between the SUSY sfermions and the correspond- 
ing SM fermions generate large non-decoupling corrections to the effective Yukawa couplings 
and thus to i>e^* production. This can be illustrated by comparing the squark loop effect 
on the z/^ pair cross-sections, where supersymmetric Yukawa interactions are absent at the 
Born level, with the z/g pair cross-section mediated by t-channel chargino exchange. 

Beyond the low-energy region, which is affected by various thresholds, the radiative loop 
contributions are expected to rise proportional to the logarithm log Mq of the squark masses 
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Figure 6: Electroweak corrections to the cross- sections (a) for e^e~ 
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z/^z/* and (b) for 



> I'ei'*, relative to the improved Born cross-section. Besides the full 0(q) result, con- 
tributions from different subsets of diagrams are shown, in particular the genuinely process- 
specific corrections defined by subtracting hard photon radiation and leading-log soft and 
virtual photon effects from the overall 0{a) corrections. Input parameters taken from the 
SPSla scenario. 
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GeV. The values of the other parameters are taken from the SPSla scenario. 
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for i>e production, while approaching a plateau for production. This is borne out in the 
evolution of the full lines in Fig. |Hl(a) and (b). These curves are generated for fixed physical 
masses of and Ue. However, as demonstrated by the dashed line in Fig. |H1 (a), a small 
logarithmic effect is induced also in z/^ pair production if the soft breaking parameter m^^ 
is kept fixed. In this scheme the physical z>^ mass is shifted by the one-loop corrections in 
eq. ()2U|). effecting non-decoupling contributions logarithmic in Mq 

On the other hand, the squark loop contributions to u^i'* production generate relatively 
large effects in the effective supersymmetric Yukawa vertices, with variations of several per- 
cent for squark masses of 0{1 TeV), cf. Fig. |H1 (b). This significantly different behavior 
could be used to constrain the parameters of a very heavy squark sector, that escapes di- 
rect detection, through the precise measurement of the Ueiy* cross-section, as advocated in 

Ref. ng. 

4.3 The identity of Yukawa and gauge couplings 

The analysis of electron-sneutrino production provides an important testing ground for the 
identity of electroweak SUSY Yukawa couplings and the corresponding SM gauge couplings. 
This identity can also be tested in neutralino ^7j and selectron yy| pair production, which 
involve electron-selectron-neutralino (eex") Yukawa interactions. While these channels are 
sensitive to a mixture of SU(2) and U(l) SUSY Yukawa couplings, corresponding to the 
wino and bino components of the neutralinos, there is no U(l) component contributing to 
sneutrino pair production, thus allowing direct access to the SU(2) (eUeW) Yukawa coupling. 
Moreover, the chargino mixing structure is substantially simpler than the neutralino mixing, 
thus simplifying the analysis for Ue pair production compared to e pair production. This is 
analogous to probing the SU(2) Yukawa coupling in chargino pair production, which provides 
a complementary experimental method [TTj . 

In our analysis, we will assume that the masses and mixing parameters of the charginos 
can be determined independently from chargino pair production, and appropriate estimates 
of the errors for these quantities are included. Essentially, only the gaugino/higgsino mass 
parameters M2 and fi of the chargino system are important in the sneutrino analysis. The 
influence of tan (3 on the sneutrino cross-section is rather weak, so that knowledge of tan /3 
to within a factor of two is sufficient. In this case, the MSSM parameters M2 and /i can 
be determined from precision measurements of the lighter chargino xf and neutralino x? 2 
masses. 

As elaborated in the previous section, the one-loop corrections to the production cross- 
section are sizeable and they need to be taken into account for any precision measurement. 
In principle this will introduce a dependence of the cross-section prediction on all MSSM 
parameters entering in the loops, including their measurement errors. However, the results 
can be calculated for ideal values of the parameters of the squark, charged slepton, Higgs 
and neutralino sectors, since their errors would affect the errors in the Yukawa couplings 
only to second order. For the parameters present already in the Born approximation, i.e. 
the sneutrino and chargino parameters, errors are taken into account properly. Iterative 
procedures may later be employed for the next-level improvements. 
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Besides the chargino parameters, the cross-section depends strongly on the sneutrino 
masses, which can be extracted from a threshold scan, see eq. The chargino parameters 
are extracted from mass measurements of the light chargino and neutralino states, assuming 
the following errors, 5m^o = 50 MeV, 6m^o = 80 MeV, Sm-± = 3000 MeV, which are based 
on a coherent analysis of LHC and LC mass measurements ^H] • 

The z/gZ/g production cross-section is computed using the beam polarizations and cuts 
introduced in Sectional and including beamstrahlung and ISR effects. Besides increasing the 
statistics, the polarization of both the e~ and e"*" beams is a tool for testing the chiral quantum 
numbers of the sneutrinos. In fact, in the SUSY Yukawa interactions, only couples to 
left-handed electrons, while u* only couples to right-handed positrons. It is assumed that 
the polarization degree of the incoming electron/positron beams can be determined with an 
error of 1% JT]. Detector effects are approximated by assigning a simple global acceptance 
factor of edet = 50%. The numerical analysis in the SPSla scenario is based on 500 fb~^ 
data accumulated in e~^e~ collisions at i/i = 500 GeV. 

Taking into account all the constraints and error sources mentioned above, the following 
la error for the extraction of the SU(2) Yukawa coupling from the cross-section measurement 
is obtained: 

5g/g ^ 5%, (24) 

where g is the SU(2) e^i)i*^xf Yukawa coupling. 

The precision does not reach the expected sensitivities for the extraction of the elec- 
troweak Yukawa couplings from selectron production [ini CSl H] , but the sneutrino channel 
has a less model-dependent base. The main source of uncertainty contributing to the error 
fj24p is the sneutrino mass measurement, see eq. ()15p . which due to the dominant invisible 
decay channel of the sneutrinos is less precise than for selectrons. The relatively large er- 
ror is therefore a specific feature of the SPSla scenario and the particular sneutrino decay 
spectrum. In other scenarios, the determination of the SUSY Yukawa coupling g from the 
sneutrino cross-section can improve considerably, see e.g. Ref. pT)j . 

In summary, it turns out that the analysis of electron-sneutrino pair production at e^e~ 
colliders can test the fundamental identity of Yukawa and gauge couplings in supersymmetric 
theories at the level of a few per-cent. 

5 Conclusions 

This report extends previous work in Ref. ^ on precision studies of scalar leptons at future 
linear colliders, by analyzing the sector of neutral scalar leptons. We have studied the pair 
production of sneutrinos in e~^e~ collisions, discussing the theoretical basis and drawing the 
phenomenological consequences for the determination of the masses and couplings of these 
particles. 

The clean environment of high-energy lepton colliders operating with polarized beams at 
high luminosity allows one to measure the properties of SUSY particles with high precision. 
From a scan of the production cross-section near threshold, the mass of the electron-sneutrino 
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m,>^ can be determined with unparalleled precision due to the characteristic rise of the 
excitation curve with the third power in the sparticle velocity. 

In order to provide a reliable theoretical description of the threshold cross-section, it is 
necessary to include non-zero width effects in a consistent way. The analysis is complicated 
by the fact that in typical mSUGRA-inspired MSSM scenarios, the sneutrino dominantly 
decays invisibly. Nevertheless, it could be shown that a significant signal can be extracted 
by combining one visible with one invisible decay mode of the sneutrino pair, and that 
backgrounds both from Standard Model and supersymmetric sources can be sufficiently 
reduced. 

Using these elements, a phenomenological analysis of slepton masses in threshold scans 
was performed. Despite the impact of the relative low signal rate and remaining sub- 
dominant backgrounds, a precision of better than the per-cent level for the electron-sneutrino 
mass determination can be reached. The threshold fit can also be used to experimentally 
constrain the total decay width of the electron-sneutrino, but the accuracy would not suffice 
to establish significant experimental evidence for a non-zero sneutrino width. 

The measurement of the electron-sneutrino cross-section can also be exploited to test 
the fundamental equality of the Yukawa couplings g{ei'eW) of the electron, the sneutrino 
and the SU(2) gauginos, and the corresponding gauge couplings gi^eUeW) of the electrons 
and electron-neutrinos to the W gauge bosons. Due to the chargino t-channel exchange, 
electron-sneutrino pair production is sensitive to the SUSY SU(2) Yukawa coupling. Based 
on a careful analysis of statistical errors and systematic uncertainties, we found that the 
SU(2) Yukawa coupling can be extracted at the few per-cent level or better from total cross- 
section measurements in the high-energy continuum. 

Accordingly, the theoretical predictions for the cross- sect ions need to be calculated to 
the per-cent level to match this expected experimental accuracy. To this end, the complete 
next-to-leading order SUSY electroweak corrections have been calculated for the production 
of on-shell sneutrino pairs in the continuum. These one-loop corrections can be relatively 
large, up to the order of 20-30%, with genuine SUSY loop contributions leading to sizeable 
effects of a few per-cent. Thus the sneutrino pair production cross-sections are significantly 
affected by parameters of other SUSY sectors, which must be introduced in systematic 
iterative procedures. 

We have implemented the results into computer programs, that are available on the web 
at http://theory.fnal.gov/people/afreitas/. [Technical information on installing and 
running the programs are given at this web site.] 

A self-consistent analysis of the SUSY sector at the expected experimental precision 
will eventually have to take into account the impact of the parameters of all SUSY sectors 
in the theoretical predictions at the loop level. Accordingly, a coherent study of many 
different channels in parallel — sleptons, charginos/neutralinos and squarks/gluinos — has to 
be performed [201 • Such a comprehensive study is currently pursued in the context of the 
SPA Project [21], and will ultimately establish the access to the fundamental supersymmetric 
theory and its microscopic breaking mechanism at potentially high scales. 
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